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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract  
The structural-temporal approach based on the notion of incubation time is used for interpretation of strength behaviour of 
concrete in the fracture process. Temporal dependences of concrete under influence of steel spiral fiber, water, a scale level of 
fracture are evaluated by the incubation time criterion. Effect of more significant increase of strength in dynamic condition than 
static a  growth percentage of fiber is explained by behaviour of the incubation time related with presence of defect in specimen. 
Numerical simulation of dynamic strength with different percentage of spiral fibers is given. Both size effect and scale effect for 
concrete samples subjected to impact loading are considered. Statistical nature of a size effect contrasts to a scale effect that is 
related to the definition of a spatio-temporal representative volume determining the fracture event on the given scale level. 
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1. Introduction 
The strength characteristics of conc ete under dynamic loading are widely applied in fracture mechanics, 
construction and civil eng neering fields. Nowadays, an actual problem is a reinforcing by the discrete addition of 
fibers with different geometry, percentage of fibers and material (Hao and Hao (2013), Kruszka et al. (2015)). The 
rupture stress in comparison with a volume ratio of fiber gives a good result in increment of the strength properties. 
However, some experiments (Song and Hwang (2004), Yet et al. (2012), Kruszka et al. (2015)) show a decrease of 
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the fracture stress of reinforcing concrete with a certain volume ratio of fiber. General physical explanations of the 
increase effect of strength in impact experiments for the modified concrete (the reinforcing of fibers, a saturation of 
water, and homogeneity of structure) are usually conducted using different interpretations related with dynamic 
processes (Hao et al. (2013)): the lateral inertia confinement, the contribution of aggregates, the end friction 
confinement and others. The numerical variations of the fracture stress for modified materials similarly by the 
strength under quasi-static loading are difficultly explained (Grote et al. (2001), Reinhardt et al. (1990), Bragov et al. 
(2015), Smirnov et al. (2014)). Thus, the consideration of a clearly stated parameter of dynamic processes is 
essential for characterization of fracture in a generalized sense on structural level. 
In this paper, we consider the structural-temporal approach for quasi-brittle and defect-free material based on the 
incubation time concept, proposed in Petrov (1991), Petrov and Morozov (1994), Morozov and Petrov (2000), 
Petrov (2004), Morozov and Petrov (2006). Physical meaning of incubation period as the preparation time of an 
inner structure of the material in the fracture moment allow interpret effect of increase of rupture stress as a growth 
incubation period. It is noted, that the incubation time is a constant parameter of material and is sensitive to changes 
in the material structure.  Moreover, given concept is described the rupture process in terms of upper and lower 
boundaries of the characteristic linear size of fracture with certain incubation period (spatio-temporal representative 
volume). According to scale level concept (Petrov et al. (2005), Petrov et al. (2012a), Petrov et al. (2012b)) is 
discover new possibilities of the increase of dynamic strength of concrete (scale effect) in dependence on definition 
of a fracture event (Petrov and Selyutina (2015)). 
This work is analyzed the different impact experiments for concrete and is established a straight relation between 
the incubation time and the fracture stress. The effects of dynamic behaviour of concrete strength are explained 
based on the structural-time approach. The advantages of understanding of dynamic process by the incubation time 
on practice are discussed. 
2. Incubation time approach 
     For description of the fracture process in dynamic loading for quasi-brittle material, we consider the structural-
temporal criterion, proposed in (Petrov (1991), Petrov and Morozov (1994), Morozov and Petrov (2000), Petrov 
(2004), Morozov and Petrov (2006)). On the basis of the incubation time concept, the given approach, in contrast to 
classical criterions, qualitatively explains the dynamic effects of unstable behaviour of strength characteristics of the 
material observed in experiments on the fracture of solids. Particularly, well-known effect of the increase of static 
strength in several times at high strain rates for initially a defect-free specimen of rocks and concrete is modelled 
using discussed approach in Petrov (1991), Petrov et al. (2003), Petrov et al. (2013). The incubation time criterion is 
identified by the fracture condition in the following general form: 
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1)(1 .    (1) 
Here, )(tF  is the intensity of the local force field causing the fracture of the medium, cF  is the static limit of the 
local force field, and   is the incubation time associated with the dynamics of the relaxation processes preparing the 
break. It actually characterizes the strain (stress) rate sensitivity of the material. The fracture time is defined as the 
time at which the equality sign is reached in Eq. (1). The parameter   characterizes the sensitivity of a material to 
the intensity level (amplitude) of the force field causing the fracture (or structural transformation). Condition 1
is performed for solid material. The cases of tension and compression are considered as two independent 
formulations of criterion (1) with different characteristics of fracture. 
     Let us detailed examined the physical meaning of the incubation time. According to the classical theory of 
strength, the local force field in the moment of material (sample) fracture is instantaneously decreased before 0 
straight after achievement of a critical value cF . Considering described process, related with macro-fracture event, 
in terms of the micro-scale level kinetics, we interpret one as a temporal process of transition from a conditionally 
defect-free state to a completely broken state at the moment of fracture. The macro-parameter of fracture process, 
identified as an incubation time, is equal to the duration of known temporal process on the given scale level (the 
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concept of a scale level is detailed discussed below). The incubation time is related to the relaxation process of 
growth of microdefects in the structure of material, which provides its non-reversible deformation. In this case the 
characteristic time of relaxation can be considered as the incubation time (Morozov and Petrov (2000)). Thus, the 
incubation time is a constant of material, unrelated with the geometry of the test specimen, the way the applied 
loading and characterized dynamic effects of the fracture process on a given scale level.   
2.1. Incubation time as a characteristics a scale level of fracture 
The important aspect of material strength is a clear limiting condition that event of fracture is already happened. 
For instant, process of appearance of first crack, in maintained defect-free material comparison with geometry of 
specimen, and separation of specimen on several parts (fragmentation) are differently described a rupture moment. 
The introduction of the concept of a scale level of fracture (Petrov et al. (2005), Petrov et al. (2012a), Petrov et al. 
(2012b)) combines in unique system of the strength behavior of the material, where each case is characterized by the 
spatio-time representative volume ),( d . The structural parameter of d  is a characteristic of fracture as such of that 
scale on which consideration is taken. Understanding of the rupture on a given scale is identified as the formation of 
a defect of characteristic linear size d . Temporal parameter is the incubation time, discussed above. Thus, one scale 
level consists in spatio-time representative volume and related with structural parameter d  by the static strength. 
Each scale level of fracture possesses by two linear sizes – upper upperD and lower lowerD : 
cDupper  ,    (2) 
2
22
c
IClower KD

 .    (3) 
where c  is the speed of the energy transport in the material; ICK  is the mode I fracture toughness and c  is a 
critical value of strength, measures under quasi-static experimental conditions. The compression and tensile stress 
states are characterized different incubation times and limiting value of static strength. According to (Petrov et al. 
(2012a), Petrov et al. (2012b)), characteristic size L of the test specimen on a given scale level is in the range of: 
upperlower DLD  .    (4) 
Applying the scale level concept with representative volume for multi-scale dynamic fracture model 
),,( upperlower DD , test specimen size for i-th scale level is fallen inside the following limits: 
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Observe that dynamic tests predict the strength behaviour of the material on the next scale level. Constructed multi-
scale model of fracture allows describe of the strength properties more detailed using different dynamic and quasi-
static experiments.   
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2.2. The fracture stress for defect-free material at a linear growth of deformation on time 
Let us apply the incubation time criterion (1) for the defect-free material specimen in the concept of local stress, 
introduced in Petrov (1991), Petrov et al. (2003), Petrov et al. (2013). The condition of the limiting value of the local 
stress for compression or tensile tests in the moment fracture is defined of the following inequality: 
,1)(1  



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t c
dss
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    (7) 
where )(s is the time dependence of the average compressive (or tensile) stress in the specimen. As noted above, 
the equality in Eq. (7) corresponds the fracture moment in the material. In practice, the dynamic strength is 
evaluated by the maximum value of local stresses, at which the material does not rupture. However, an unstable 
behaviour should be characterized by the constant parameter of the material such as the incubation time.  
     We establish of the dependence strength on strain rate, similarly to Petrov et al. (2013), Petrov and Selyutina 
(2013, 2015). Proposing a linear increase of deformation on time before the achievement of maximum value the 
local stresses is written by the Hooke’s law: 
).(  )(   )( tHttHtEt        (8) 
Here, E is the Young’s modulus,   is a strain rate, )(tH  is the Heaviside function and   is a loading stress rate. 
The local stress in the fracture moment *t  is identified as a limiting stress )( *td   . Defining the dependence of 
the fracture time on strain rate Eq. (8) to Eq.(7) in the rupture moment, we express the ultimate stress in terms of 
strain rate: 
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Observe that the obtained fracture stress is relatively separated by two cases. The lower expression in the right-hand 
part of Eq. (9) describes slow processes, in which the fracture time is comparable or higher than the incubation time
 . The upper expression corresponds to the opposite case the fast dynamic loading when the rupture time is shorter 
that  . Thus, the fracture stress under the quasi-static and dynamic loading is predicted based on three macroscopic 
parameters: the Young’s modulus, the critical value of strength under quasi-static loading (static strength) and the 
incubation time. The behaviour of the average ultimate stress in wide a range of strain rate can be predicted by Eq. 
(9). Note that the Eq. (9) can be written as a function fracture stress on loading stress rate )( d  substituting 
  E  by the Eq. (8).  
     The incubation time is defined by the least square method using experimental data )( d . It is important noted, 
that the introduced constant of temporal parameter of criterion (1) is sensitivity to changes of the inner structures of 
brittle material and invariant to any one impact history.  
3. Incubation time as characteristic of changing inner structure of concrete matrix 
The behaviour of static strength with different modifications of material (saturation of water; homogeneous 
structure; addition of fibers) is differed from the fracture stress under dynamic loading. Some experiments Grote et 
al. (2001), Reinhardt et al. (1990), Bragov et al. (2015), Smirnov et al. (2014) showed known as the “strength 
inversion” (Petrov and Selyutina (2013)) for two materials with different static strength, when material with the low 
fracture stress under quasi-static possesses by the high ultimate stress on dynamic loading. A physical basis of this 
phenomenon is difficultly related with the static strength of material. 
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For instance, Petrov and Selyutina (2013) explained the strength inversion between concrete and mortar by 
experimental data of Grote et al. (2001) based on an existence of the incubation time and difference in elastic 
modulus. The evaluated incubation time on dynamic experiments is identical for mortar and aggregated concrete. 
However, it is observed effect: that the great is Young’s modulus the bigger is the critical stress, which is achieved 
during incubation period. Thus, the Young’s modulus at high strain rates gives more important contribution in 
fracture stress than at low impact velocities.  
The structural-temporal approach interprets described effect based on the incubation time concept, in detailed 
presented above. The raise of incubation time in improved material means a growth of the preparation period to 
fracture in the material, in which is increased the ultimate stress. A similar behaviour of the incubation time under 
influence of water saturation in specimen is observed in tensile experiments for rocks (Smirnov et al. 2014, Bragov 
et al. 2015). In this section, the effects of increase or decrease of the fracture stress for concrete with changing inner 
structure are explained as a behaviour of the evaluated incubation time.    
3.1.  The behaviour of the  fracture stress on strain rate under influence of percentage moisture  
Reinhardt et al. (1990) carried out the tensile experiments for concrete with 0% (dry: 
MPa 3.1σ GPa, 7.20 c E ) and 100% (wet: MPa 84.0σ GPa, 6.24 c E ) by moisture contain in the split 
Hopkinson pressure bar. The incubation times for dry and wet concrete based on Eq. (9) and 1  are equal to 
ms 12.0 and ms 1 , correspondingly. The dependences of fracture stress on strain rate are presented in Fig. 1. The 
rupture stress at strain rate 1s 5.0   exceeds of static strength in four times for wet concrete and in two times for dry 
concrete. The fracture stress under dynamic loading for wet concrete is occurred more than for dry concrete. The 
biggest incubation period for wet concrete than for dry concrete is influence of water on inner structure, which leads 
to increase of resistibility to applied loading.  
    
Fig. 1. The inversion strength between dry (black color) and wet (red color) concrete based on experimental data Reinhardt et al. (1990) and 
theoretical dependences of the average fracture stress on strain rate, calculated by Eq. (9). 
3.2. Reinforcing with different volume fraction of fibers in terms of the incubation time criterion 
In this section, we calculate by Eq. (9) with 1  the fracture stress as a function of strain rate for reinforced 
concrete by experimental data Hao and Hao (2013) (0, 0.5%, 1%, 1.5 %; spiral steel fiber of length 30–40 mm and 
diameter 0.5 mm), Yet et al. (2012) (0, 0.5%, 1%, 1.5 %; end-hooked steel fiber of length 35 mm and diameter 0.55 
mm), Wang et al. (2008) (0, 1.5%, 4.5% for static tests; 0, 3%, 6% for dynamic tests; steel fiber of length 30–40 mm 
and diameter 0.5 mm), Kruszka et al. (2015) (0, 3%, 5%; glass fiber and basalt fiber of length 12 mm and diameter 
μm 41 ) in the split Hopkinson pressure bar system. The average incubation time is equal to μs 82.17 , μs 1.422 , 
μs 02.32 , μs 66.39 for Hao and Hao (2013), μs 28 , μs 12.61 , μs 4.551 , μs 3.531 for Yet et al. (2012), μs 7.172 , 
μs 0.262 , μs 7.441  for Kruszka et al. (2015) μs 4.14 , μs .524 , μs 1.4  for glass fiber and μs 4.14 , μs .384 , μs .543  
for basalt fiber in correspondence with an increase of fiber contains. The some theoretical curves of the ultimate 
stress on strain rate by Eq.(9) are presented in Fig. 2.  
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for basalt fiber in correspondence with an increase of fiber contains. The some theoretical curves of the ultimate 
stress on strain rate by Eq.(9) are presented in Fig. 2.  
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Fig. 2. Fracture stress as a function of strain rate (solid line) for different volume fraction of fiber denoted lines 1- 0%, 2- 0.5%, 3- 1%, 4- 1.5% 
by experimental data: (a) Hao and Hao (2013), (b) Yet et al. (2012). (c) Fracture stress as a function of strain rate for different volume fraction of 
fiber denoted lines 1- 0%, 3 and 5- 3%, 2 and 4- 6% with compressive static strength 1- 0%, 2 and 3- 1.5%, 4 and 5- 4.5% by experimental data 
Wang et al. (2008). 
The theoretical curves in Fig. 2 coincide by experimental data. The variations of the static strength (order of 5 
MPa in Fig. 2a and 20 MPa in Fig.2b) for different of fiber percentage is insignificant in comparison with difference 
of fracture stress (at strain rate -1s 100  order of 20 MPa in Fig. 2a and 50 MPa in Fig. 2b).  
Fig. 3 shows the incubation time and static strength as a function of fiber contain. Note that the static strength 
decreases for big percent of fiber (Song and Hwang (2004), Kruszka et al. (2015)). According to the structural-
temporal approach, the raise of incubation time for different materials relates with an increment of the preparation 
period to fracture in the material, in which is increased the rupture stress. The incubation time behavior is similar by 
static strength for experimental data Hao and Hao (2013), Kruszka et al. (2015). However, the local and full 
decrease of the incubation time is observed in experiments (Yet et al. (2012), Wang et al. (2008)). The opposite 
behaviour of strength of reinforced concrete relatively to incubation period is characterized as an exhibition of 
weakening of the inner structure of specimen to loading. Observe, that the static experiments by Wang et al. (2008) 
and Kruszka et al. (2015) in Fig. 3b reveal decrease of static strength at transition from 1.5% to 2 % fiber contain. 
Thus, the decrement of the incubation time beginning with a fixed fiber percent is possible.    
 
        
Fig. 3. The behaviour of incubation time depending on volume fraction of fiber and critical stress based on experimental data with steel 
reinforcing (solid line) by Song and Hwang (2004) (turquoise stars),Yet et al. (2012) (orange square), Hao and Hao (2013) (blue triangle), Wang 
et al. (2008) (purple diamond), with glass (dash-dot line) and basalt (dashed line) reinforcing by Kruszka et al. (2015) (black triangle and red 
circle). 
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4. The incubation time as a characteristic of a given scale level of fracture (Scale effect) 
In the classical approach so-called the size effect (Bazant (2000)), the static stress is decreased at changes of the 
specimen dimensions. The difference of the size and scale effects of fracture stress by experimental data concrete 
and rocks is discussed in Petrov and Selyutina (2015) at changes of the specimen dimensions. The increase effect of 
the fracture stress in the context on the multi-scale level concept is considered in this section. 
Weckert et al. (2011) were provided the Brazilian/split tension tests on the cylindrical concrete samples (
mm 20D , mm 20L  and mm 20D , mm 35.6L , where D  is the diameter of specimen, L  is length of the 
specimen) at low, intermediate and high loading rate. The incubation time is equal to μs 9.9 ( mm 35.6L , 
MPa 3c ) and μs 14 ( mm 20L ,  MPa 1.3c ). On the basis of the experimental data by Zhang et al. (2009) 
and Eq. (9) for 4α  the compression of mortar in split Hopkinson pressure bar tests, we estimate the incubation 
time for different specimens μs 79.28  ( mm 37D , mm 18L , MPa 6.51c ) and μs 87  ( mm 74D , 
mm 21L , MPa 9.44c ). The plotted theoretical dependences of the fracture stress on loading stress rate and 
strain rate are listed in Fig.4.  
An increment of the incubation time for experimental specimen with the same width (specimen part of 
perpendicularly application of loading) and different lengths (specimen part in the direction with application of 
loading) means that the preparation period in material before outset of fracture process is increased. Note, that 
changes in inner structure of material are absented, but only is affected geometry of specimen. Thus, we relate 
observed effect with transition of representative volume on other scale level, characterized the larger incubation 
time. In practice, this effect is expressed to an increment of the fracture stress. The scale level effect in Fig.4 and 
Petrov and Selyutina (2015) occurs at most in dynamic tests.   
 
      
Fig. 4. Scale effect for mortar based on experimental data by: (a) Weckert et al. (2011) on tensile tests and theoretical dependences of fracture 
stress on strain rate at a fixed specimen length 20 mm and specimen width 6.35 mm (1 black curve) and 20 mm (2 red curve); (b) Zhang et al. 
(2009) on compressive tests and theoretical dependences of the fracture stress on strain rate at a fixed specimen length 18 (21) mm and different 
width specimen 37 and 74 mm.  
5. Conclusions 
The fracture criterion (1) is given describe of the material strength in case of dynamic and static loading. On the 
basis of experimental data, the incubation times were established for concrete at changes water, various contain of 
fiber in specimen, width of tested sample. Analysis by the temporal parameter of criterion (1) of different 
experimental data of reinforcing concrete with various volume percentage of fiber (steel, glass, basalt) was 
conducted. The behaviour of the fracture stress for reinforcing and plain concrete was explained based on a physical 
meaning of the incubation period. Introduction of the representative volume of fracture was considered behaviour of 
two specimens, with changed of tested specimen width, as different rupture events.   
From the obtained theoretical valuations presented in this paper, some important conclusions can be drawn on 
strength properties of concrete: 
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 The increase of static strength under influence of water or fiber contain in concrete is related with behaviour of 
the incubation time as a sensitive parameter to inner structure concrete. 
 The influence of changes in inner structure of the material by the fracture stress under dynamic loading is 
appeared bigger than under quasi-static loading. 
 The modification of strength characteristics of concrete can achieved applying scale level concept. 
 Additional experimental results are necessary for interpretation of phenomena related with the increment of 
strength properties of concrete.    
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